The rate-limiting step of the myosin basal ATPase (i.e., in absence of actin) is assumed to be a post-hydrolysis swinging of the leverarm (reverse recovery-step), that limits the subsequent rapid product release steps. However, direct experimental evidence for this assignment is lacking. To investigate the binding and the release of ADP and phosphate independently from the lever-arm motion, two single tryptophan containing motor domains of Dictyostelium myosin II were used. The single tryptophans of the W129+ and W501+ constructs are located at the entrance of the nucleotide binding pocket and near the lever-arm, respectively. Kinetic experiments show that the rate-limiting step in the basal ATPase cycle is indeed the reverse recovery-step, which is a slow equilibrium step (k forward =0.05 s -1 , k reverse =0.15 s -1 ) that precedes the phosphate release step. Actin directly activates the reverse recoverystep which becomes practically irreversible in actin bound form, triggering the powerstroke. Even at low actin concentrations the power-stroke occurs in the actin-attached states despite the low actin affinity of myosin in the pre-power-stroke conformation.
The rate-limiting step of the myosin basal ATPase (i.e., in absence of actin) is assumed to be a post-hydrolysis swinging of the leverarm (reverse recovery-step), that limits the subsequent rapid product release steps. However, direct experimental evidence for this assignment is lacking. To investigate the binding and the release of ADP and phosphate independently from the lever-arm motion, two single tryptophan containing motor domains of Dictyostelium myosin II were used. The single tryptophans of the W129+ and W501+ constructs are located at the entrance of the nucleotide binding pocket and near the lever-arm, respectively. Kinetic experiments show that the rate-limiting step in the basal ATPase cycle is indeed the reverse recovery-step, which is a slow equilibrium step (k forward =0.05 s -1 , k reverse =0.15 s -1 ) that precedes the phosphate release step. Actin directly activates the reverse recoverystep which becomes practically irreversible in actin bound form, triggering the powerstroke. Even at low actin concentrations the power-stroke occurs in the actin-attached states despite the low actin affinity of myosin in the pre-power-stroke conformation.
The mechanism of the phosphate (P i ) release of the myosin ATPase is of particular interest as it is the key step that is presumed to be activated by actin and is coupled to the working stroke of the crossbridge cycle (1;2). The observed rate of phosphate release in the absence of actin is of the order of 0.05 s -1 for rabbit skeletal muscle myosin II at 20 º C and provides the major contribution to the rate of the overall basal ATPase activity. Phosphate binding is, however weak (K d > 1 mM), which led Trentham et al (3;4) to propose that phosphate release was controlled by a slow isomerization followed by a rapid phosphate release step (step 4 and 5 in Scheme 1, respectively). This suggestion was made on the grounds that the second-order rate constant for phosphate binding would be abnormally low if step 4 and 5 were combined into a single step.
Scheme 1
This idea was supported by the experiments of Mannherz et al (5) who demonstrated that a small amount of labeled M * .ATP could be synthesized by the addition of mM concentrations of 32 P-labelled phosphate to myosin subfragment 1 (S1) in the presence of saturating ADP. From the kinetics and extent of incorporation, they estimated that the M ** .ADP.P i to M 0.9 at pH 6) while phosphate binding to M * .ADP was weak (K 5 = 7.3 mM at pH 8 and 55 mM at pH 6). Subsequently these authors modified their view (6) and considered that the apparent saturation they observed in 32 P incorporation was a consequence of the increase in ionic strength with increasing phosphate concentrations. Their important conclusion about the very high affinity of ATP for myosin in the M*.ATP complex was unaffected by this problem, but the values of K 4 and K 5 could no longer be reliably disentangled. Thus, direct evidence for two steps remains elusive. It was demonstrated in both solution and fiber experiments (3;7-9) that phosphate release precedes the release of ADP. The ADP bound myosin state possesses strong actin binding properties, while both ADP and phosphate binding to the active site of myosin results in the weakening of the actin-myosin interaction. It was shown in solution experiments that more than half of the free energy obtained from ATP hydrolysis is liberated during phosphate release (8) , therefore this step was suggested to be coupled to the power-generating lever-arm movement. However, Goldman & Brenner pointed out that solution kinetics might differ from fiber kinetics (10) . They and others demonstrated that in single fiber experiments the power-stroke precedes the fast phosphate release step and that the starting state of the powerstroke in this case is a weak actin binding A.M.ADP.P i state (11) (12) (13) (14) .
It is well known that addition of phosphate analogs, such as BeF x and AlF 4, to skeletal muscle myosin-ADP complexes, generates an enhancement in tryptophan fluorescence, indicative of formation of the M ** conformation (15) . However, attempts to generate the M ** state by addition of phosphate at high concentrations to rabbit skeletal muscle myosin S1 in the presence of ADP failed to develop the high fluorescent state. Indeed the protein fluorescence signal decreased and indicated that a M.P i binary complexes formed at the expense of M * .ADP (16) . Nevertheless, the results of 32 P incorporation shows that some M ** .ADP.P i must be generated under these conditions (5;6). The protein fluorescence of skeletal myosin S1 is sensitive to both nucleotide binding and hydrolysis and probably arises from at least two different tryptophan residues. This contrasts to the situation with the Dictyostelium discoideum (Dd) myosin II motor domain where there is no enhancement associated with the nucleotide binding steps because it lacks homologous Trp residues at positions 113 and 131 which are sensitive to the binding events in rabbit myosin (17) . Indeed ADP binding gives a small quench in tryptophan fluorescence due to the specific perturbation of Trp501 (≡ W510 in skeletal myosin). We have made a Dd motor domain construct, called W501+, which contains only a single tryptophan residue at this conserved position ( Fig. 1) and gives an enhanced signal relative to the background compared with the wild-type protein (18) (19) (20) . In these studies the W501+ construct allowed us to separate the hydrolysis step from the preceding lever-arm swing, as is described by Scheme 2:
The labeling in Schemes 1 and 2 are based on different isoforms, skeletal muscle myosin II S1 and W501+ Dd myosin motor domain construct, respectively. In Scheme 1, M * represents the partially enhanced fluorescent state of rabbit S1 (reviewed in (21) (18) . The M state corresponds to the apo structure (22;23) . M † corresponds to the pre-recovery-state (down lever-arm position, see Table I ), in which switch 1 is closed, while switch 2 is open so that the catalytic function of the ATPase is turned off in this state. M * in Scheme 2 (equivalent to M ** in Scheme 1) represents the post-recovery-state (up lever-arm position,see Table I ). During step 3a, the leverarm swing (recovery-step) is coupled to the closing of switch 2 (18;19) , thereby activating the ATPase function (24;25) . After ATP hydrolysis (Step 3b), step 4 involves the swinging of the lever-arm, which we call here the "reverse recovery-step". It is important to distinguish the reverse recovery-step from the power-stroke, because the reverse recovery-step is a reversible step in the absence of actin while power-stroke occurs in the actin-attached form and exerts force (large free energy change). All these steps are summarized in Table I to clarify the nomenclature we use in this paper. We recommend using the recovery-step and reverse recovery-step instead of using recoverystroke and reverse recovery-stroke, because these steps are freely reversible equilibrium steps and occur in the absence of actin. For an effective stroke one object must be in interaction with another object on which it can exert force. From this aspect, in the absence of actin the meaning of stroke is limited, therefore we recommend using recovery/reverse recoverystep for the particular conformational changes. The mechanism of the reverse recovery-step step can be either a slow lever-arm motion followed by relatively fast product release, or alternatively, the lever-arm reorientation is a fast equilibrium step followed by the relatively slow phosphate release step (26) . Answering which of these two mechanisms is correct is fundamental regarding the myosin ATPase mechanism, because it defines which is the rate-limiting step that is activated by actin binding during the power-stroke: The first case would correspond to an "induced strain" mechanism, in which actin binding provokes a strain in the myosin head and lever-arm motion can release that strain. The second case would correspond to a "Brownian ratchet" mechanism, in which the pre-powerstroke lever-arm is freely reorienting and product release stabilizes the post-power-stroke orientation.
Here we address these questions by characterizing the kinetics of ADP and phosphate binding reactions and the related lever-arm swing. The kinetics of these steps are studied as a function of [P i ] at constant ionic strength. We also make comparable studies on a W129+ construct (17) that has a single tryptophan near the active site ( Fig. 1 ) which responds only to nucleotide and phosphate binding but not to the lever-arm motion. We present direct experimental evidence first, that ADP and phosphate binding events (Steps 5 and 6 in Scheme 2) are kinetically separate from the reverse recovery-step (Step 4). The reverse recovery-step step is a slow equilibrium which controls product release and is the rate-limiting step of the basal ATPase cycle (i.e., in the absence of actin). However, in presence of actin the lever-arm swing is accelerated by actin binding, thus increasing the ATPase turn-over rate. The low initial affinity of M * .ADP.P i for actin increases during the lever-arm swing and the subsequent product release steps, thus depleting the weakly-bound A.M * .ADP.P i population and pulling the reaction towards actin-bound the power-stroke.
EXPERIMENTAL PROCEDURE
Unless otherwise stated, all chemical reagents were purchased from Sigma-Aldrich Chemical Co. Nucleotides and 3'-(N-methyl-anthraniloyl)-2'-deoxy-ATP (dmATP) were obtained from Roche Co. and Jena Bioscience GmbH, respectively. Phosphate buffers -Care was taken to maintain the constant ionic strength in the experiments using different phosphate concentrations or pH.
Ionic strength values were calculated according to (27) (17) , and both were cloned into the pDXA-3H vector (29). Both W501+ and W129+ were expressed in Dd cells cultured in HL-5 (Formedium) media at 21°C and purified as in (18) . After purification proteins were dialyzed against an assay buffer (20 mM HEPES pH 7.2, 40 mM NaCl, 1 mM MgCl 2 , 3 mM β-mercatoethanol, 5 mM benzamidine) and after dialysis proteins were frozen to liquid nitrogen in 50 µl droplets. Actin was purified as described in (30). Protein concentrations were determined with Bradfordmethod. Steady-state kinetic measurements -Steady-state spectra and time courses of the purified proteins were measured on a FluoroMax SPEX-320 spectrofluorimeter. All measurements were carried out at 20°C. Trp fluorescence was excited at 296 nm with 2 nm bandwidth for both excitation and emission side and emission was detected from 305-420 nm. Time courses were followed by tryptophan fluorescence exited at 296 nm and detected at 340 nm. 
RESULTS

Detection and elimination of pyrophosphate traces from phosphate buffer
We determined that untreated phosphate buffers contained ~0.01% pyrophosphate contamination (Fig. 2) Supplementary Fig. 1a-c) can be found in the Supplementary material section.
Phosphate binding of W501+.ADP complex
In order to study ligand binding and the possible reverse reaction of the recovery step (M † .ADP.P i ↔ M * .ADP.P i ), W501+ was preincubated with ADP and then rapidly mixed with different concentrations of a phosphate solution in the stopped-flow apparatus. The ionic strength of the solutions was kept constant in all experiments by adding an appropriate amount of NaCl. Also the ionic strength of the solutions was identical in both syringes of the stopped-flow apparatus. The reactions were studied at I=244 mM at pH 7.2 and I=118 mM at pH 7.2 and 6.7. At all phosphate concentrations studied, large and slow fluorescence increases (35% enhancement with k obs =0.14 s -1 at 25 mM phosphate concentration, pH 7.2, I=118 mM) were detected which indicates the formation of M * .ADP.P i . Since, the rate constant of ADP release is 5 s -1 and accompanying with a 10-15% fluorescence increase, the larger than 15% amplitude increase and the slower than 5 s -1 observed rate constants rule out this fluorescence enhancement is simply due to dequenching on displacement of ADP from M † .ADP. Upon phosphate binding to W501+, in the absence of ADP, a small (<3%) quench was detected. At each applied ionic strength and pH, stopped-flow records could be fitted with single exponentials (Fig. 3a) . In addition, a very slow (0.005 s -1 ) fluorescence quench also was observed which is the consequence of binding of residual pyrophosphate. This reaction was faster and became dominant when untreated phosphate samples were used (see Supplementary Fig. 1c) Figure 4a and Figure 6 shows a stopped-flow record of the reaction of W501+.P i complex with 350 µM ADP. A small (5%) and fast (400 s -1 ) fluorescence quench was followed by a 25% fluorescence increase. The apparent rate constant of the fluorescence increase depended on the ADP concentration (Fig. 4b) , the initial slope of the plot is k 
ADP binding of W129+.P i complex
In contrast to Trp501 which senses the lever-arm swing, Trp129 is sensitive to the binding events of ligands (17;18) . The fluorescence of Trp129 is quenched by all adenosine nucleotides (ADP, ATP, ADP.P i ) and its phosphate analog (ADP.AlF 4 ) by 55%, while phosphate binding slightly (10%) increases its fluorescence. Using W501+ and W129+, we can potentially distinguish the lever-arm swing from product binding events if the kinetics are favorable. When 4 µM W129+ was mixed with different concentration of ADP (pH 7.2, I=118 mM) in the presence of a saturating amount of phosphate, a large fluorescence quench was detected ( Fig. 5 and 6 ). Single exponentials were fitted to all records. Increasing the ADP concentration increased both the amplitudes and the observed rate constants of the fluorescence changes. At higher ADP concentrations the rate constant was so high that significant amplitude loss occurred during the dead time of the stopped-flow apparatus. A hyperbola was fitted to the plot of rate constants versus ADP concentration which yielded an initial slope, k 
Phosphate binding of W129+.ADP complex
When W129+.ADP complex was rapidly mixed with phosphate in a stopped-flow apparatus, a small fluorescence change was detected. Since the fluorescence level of W129+.ADP and W129+.ADP.P i are identical, the small signal change was the consequence of the reequilibration of the high (apo and W129+.P i ) and the low (W129+.ADP and W129+.ADP.P i ) fluorescence states when the enzyme was not completely saturated with ligands. Supplementary Figure 2 shows the stopped-flow records of the reaction when 4 µM W129+ was mixed with 50 mM phosphate at pH 7.2, I=118 mM, while same ADP concentration was maintained in both syringes. The records show the reactions at four different ADP concentrations (50 µM, 150 µM, 450 µM and 1 mM). At 1 mM ADP concentration, a 3.5% fluorescence increase was detected whose amplitude increased to 17% at 50 µM ADP concentrations. Single exponentials were fitted to the records. In the range of ADP concentrations studied, the observed rate constants were similar (7.5 s -1 ±1 s -1 ) (for more details see Supplementary Fig. 2a-d ).
Phosphate binding of W129+
In contrast to W501+, W129+ responds with a small (10-15%) fluorescence increase upon phosphate binding. The kinetics of the signal change when 5 µM W129+ was mixed with different concentration of phosphate were characterized at pH 7.2, I=118 mM. The records were fitted with double exponentials ( Supplementary Fig. 3a) , in contrast to the records of W129+.ADP mixed with phosphate (see above). The observed rate constant of the slow phase was 5 s -1 and independent of the phosphate concentrations studied ( Supplementary Fig. 3c ). The rate of the fast phase was dependent on and plotted against phosphate concentration and the plot between 0.5-5 mM phosphate concentrations was fitted with linear ( Supplementary Fig. 3b) To test these possibilities, phosphate bound to W129+ was chased by large excess of ATP and the record was compared to the reaction record when W129+ was mixed with ATP in the absence of phosphate. In the latter reaction the fluorescence change has two phases, as described in an earlier study (17) . The observed rate constants of the slow and fast phases were k Supplementary Fig.  4 ). When W129+ was not saturated with phosphate, a slow and a fast phase could be distinguished. The ratios of the amplitudes of these phases were difficult to determine because of the significant loss of the fast phase in the dead time of the stopped-flow apparatus.
Since the ATP chasing experiment showed a much higher off-rate constant for phosphate than the off-rate constant determined by the intercept in the phosphate binding experiment (260 s -1 and 35 s -1 , respectively), and also the binding constants differed significantly in these experiments, we suggest that in the direct Pi binding experiment, an alternative phosphate binding site is involved. This is presumed to be close to the substrate binding pocket, because Trp129 senses its binding, but it does not overlap with the functional ATP binding site because ATP does not displace it (i.e. there was no slow phase of ATP binding limited by the off-rate constant of 35 s -1 ).
Dissociation of ADP from M.ADP.P i by chasing dmADP
In order to study the mechanism of the dissociation of ADP and phosphate directly, 8 µM W501+ motor domain was preincubated with 100 µM dmADP (premix concentrations) in the presence and absence of 42 mM phosphate, and the ligands were chased with 2 mM ATP (dmADP was prepared by incubation of dmATP with W501+ for 15 min at 20°C). In both experiments, the mant fluorescence signal decrease was followed, which is limited by the dissociation of bound dmADP. In the absence of phosphate, a single exponential fitted to the fluorescence record to yield a rate constant, k off,mantADP = 2.5 s -1 . The off-rate constant of mantADP is slightly smaller than that of ADP (7s -1 ) (17). This effect is caused by the mant group which interacts with the protein (32) and results in higher affinity of dmADP to myosin (33-35). By contrast, in the presence of phosphate, two phases of displacement were detected. The rate constants of the fast and the slow phases were k= 5.8 s -1 and k= 0.04 s -1 , while the ratio of their amplitudes was A fast /A slow = 0.50 (Fig. 7) . The slower rate constant indicates that some M * .dmADP.P i formed during the preincubation reaction.
Actin binding of W501+.ADP.AlF 4 complex
We investigated actin binding of the W501+.ADP.AlF 4 complex by following the light scattering signal. 109 µM W501+ was mixed with 1 mM ADP, 1 mM AlCl 3 and 5 mM NaF on ice for 3 hours and the formation of the complex was followed by the fluorescent steadystate emission intensity enhancement of Trp501. To investigate the actin binding properties of the complex, a varying amount of W501+.ADP.AlF 4 and 1 µM F-actin was mixed in a stopped-flow apparatus and light scattering signal was followed. Very fast reactions (>1000 s -1 ) were detected even at low W501+.ADP.AlF 4 concentrations and most of the signal change was lost in the dead time of the stopped-flow apparatus. The signal in the stopped-flow apparatus was so stable that almost all of the single traces overlapped with each other. This enabled us to determine the starting and the endpoints of the reactions at specific W501+.ADP.AlF 4 concentrations where the signal difference represented the total amplitude of the reaction. The amplitudes of the reactions were plotted against W501+ concentration and the fitted hyperbola resulted in the dissociation constant K d.AlF4.Actin = 57 µM ( Supplementary  Fig. 5 ).
Actin activated ATPase experiments with W501+
Actin-activated steady-state ATPase activity was measured on W501+ by a PK/LDH coupled assay measurement. Activities were determined in the presence of different amount of F-actin and were plotted against actin concentration. The maximum of actin activated ATPase activity was v max = 3.8 s -1 and half saturation was determined at K m =67 µM.
DISCUSSION
In the Bagshaw-Trentham scheme the relationship between the reverse recovery-step (K 4 ) and the product release steps (K 5 , K 6 and K 7 ) had not been fully resolved. Since Trp129 and Trp501 are very sensitive signals for ligand binding and lever-arm motion, respectively, the kinetics of the two processes can be investigated separately. To exploit these probes to measure phosphate binding, we found it necessary to minimize pyrophosphate contamination by boiling the stock phosphate solution. It is a well known requirement that vanadate solutions need to be boiled to remove polymeric species before using orthovanadate as phosphate analog for myosin product complex formation (36;37)
However it is less appreciated that phosphate stock solutions need similar treatment.
With this experimental approach, the mechanism of the basal ATPase activity can be elucidated and we can compare the processes to the "actininduced" ATPase mechanism. In the following sections we describe step-by-step how the relevant kinetic parameters were determined.
Separation of the lever-arm motion from the ligand binding/release processes
Previous studies have verified that the measured rate constants of W129+, W501+ and the wildtype motor domain are similar and thus the introduced mutations do no change the kinetic mechanism significantly (17) (18) (19) . Since Trp129 and Trp501 are located at the nucleotide binding pocket and in the relay helix, respectively, upon ADP and phosphate binding, different local molecular events are detected by following tryptophan fluorescence changes (Fig. 6) . In order to follow ligand binding events, W129+ was mixed with ADP in the presence of 25 mM phosphate and a large, relatively fast (k W129+.Pi ADP,max,app = 370 s -1 ) fluorescence decrease was detected. This event is slightly slower than ADP binding in the absence of phosphate. In an earlier study we showed that Trp129 senses only ligand binding events and it is insensitive to the conformational changes that occur in the switch 2 and the relay/converter regions. Under the same conditions, when W501+.P i was mixed with ADP a much slower fluorescence increase (k W501+.Pi ADP,max,app = 0.20 s -1 ) was detected than in the case of W129+.P i (Fig. 6) . The Trp501 fluorescence change responds to the large isomerization coupled to the lever-arm swing (18) . Since the fluorescence change of Trp129, located at the binding pocket, is much faster than that of Trp501, located in the relay region, it indicates that ADP and phosphate binding events occur separately from the leverarm swing. Consequently, in the basal ATPase cycle, the rate-limiting step is the slow lever-arm swing (M * .ADP.P i ↔ M † .ADP.P i ) and not the phosphate release step. Thus the supposition in the original Bagshaw-Trentham scheme has been validated (3;4). In Scheme 3 below, k -4 is the rate of the recovery-step with bound ADP.P i . (it is important to note that this is different from the k +3a of the recovery-step with bound ATP). k 4 is the rate of the reverse recovery-step with bound ADP.P i .
Scheme 3
If the slow fluorescence increase of W501+ (k W501+.Pi ADP,max,app ) is assigned to the lever-arm swing, the relaxation of this equilibrium is k W501+.Pi ADP,max,app = k 4. +k -4 . In the absence of phosphate, the basal ATPase rate constant (k basal =0.05 s -1 ) is detemined by k 4, therefore k -4 = k W501+.Pi ADP,max,app -k 4. = 0.15 s -1 and the equilibrium constant is K 4 = k 4 / k -4 = 0.33. The mechanism is confirmed by the fact that a small, fast fluorescence quench was detected in the reaction when W501+.P i was mixed with ADP ( Fig. 4 and 6) . The quench represents the initial M † .ADP.P i state which goes through the slow isomerization reaction resulting M * .ADP.P i state. The rate constant of the fast quench is as fast as the rate constants of ADP binding of W129+.P i , which also indicates that binding events are being monitored in both cases.
This two-step mechanism is also confirmed by the result of the experiment when dmADP was chased by ATP in the presence of saturating concentration of phosphate (Fig. 7) . The observed two phases correspond to the two populations of the M.dmADP.P i complex. The fast phase is the release of the ligands from M † and the slow phase represents the reverse recovery-step because shifting this preequilibrium (which is established in the preincubation of myosin with ADP and phosphate) becomes the rate-limiting step of the ligand release after the quick release of ADP and phosphate from M † . The ratio of the amplitudes of the two phases (A fast /A slow = 0.50) gives the equilibrium constant of the reverse recoverystep. Taking the values calculated for the reverse-recovery step (K 4 = 0.33) and for phosphate affinity for M.ADP complex (K d,DP = 42 mM), the expected ratio of the amplitudes of the two phases should be A fast /A slow = 0.78. The difference from the expectation could be the effect of the mant group of dmADP, which has been demonstrated to affect the affinity of ADP (33;35;38) and probably influence the binding properties of phosphate as well. If we suppose that the equilibrium between the M * .ADP.P i and M † .ADP.P i is not affected by the mant group, then a 2.7-fold stronger binding of phosphate to M.ADP (K d,DP =9.6 mM instead of 42 mM) is indicated. On the other hand, if phosphate affinity was unaltered, the equilibrium of the reverse recovery-step would change a little: K 4 = 0.12 for dmADP instead of 0.33 for ADP.
How does actin activation occur?
As we showed above, the rate-limiting step of the basal ATPase activity is the reverse recovery-step, whereas dissociation of ADP and phosphate is comparatively fast. Previous studies showed that actin causes relatively small changes (2-5 times) in the rate constants of ligand binding/dissociation and of the recoverystep (39). Since actin activation causes a 76 times overall increase of the ATPase (V max = 3.8 s -1 from 0.05 s -1 ), the largest effect of actin must be on the rate-limiting step of basal ATPase. Thus, the approximate rate of the actin-induced power-stroke is then k 4 '= 76 * k 4 = 3. . This stronger actin binding is the driving force that pulls the reaction through the weakly-bound A.M * .ADP.P i state (see Scheme 4) . As a consequence, despite the fact that M * .ADP.P i binds actin very weakly (K d = 57µM), the main flux of the reaction occurs via the actin bound form, even if the actin concentration is low (Fig.  8a) . Our kinetic models show that at 0.5 µM of actin concentration, the flux of the actin-bound and -unbound pathways are equal. By increasing actin concentration the ratio of the fluxes dramatically increases: e.g. at 5 µM actomyosin concentration the ratio is Flux actin-bound /Flux actinunbound = 14 (Fig. 8b ).
Scheme 4
In earlier studies, phosphate release was proposed to precede the working-stroke step in the actin-attached states (21;39;42) based on the assumption that the A.M * .ADP.P i → A.M † .ADP.P i transition is not poised strongly to the right, i.e. k -4 ' >> k -4 =0.15 s -1 . If this assumption was valid, this would imply that phosphate release provides the required free energy change for the working stroke, which therefore should precede the lever-arm swing avoiding significant futile cycle. This is inconsistent with physiological studies which have demonstrated significant tension generation before phosphate release, thus demanding significant free energy change from the AM * ADP.P i to AM † .ADP.P i transition itself (2;11-14;43;44). Takagi et al also demonstrated in single fiber experiments that the binding of the M.ADP.P i complex to actin is a fast and weak binding process (14) . They proposed a scheme, which was supported by other studies (11) (12) (13) in which the weak actin binding A.M.ADP.P i state undergoes an isomerisation to a strongly bound tension generating state. This is then followed by phosphate release, which might strengthen further the actin-myosin interaction. The model based on solution kinetic measurements presented here is consistent with this mechanism, because they show that the order of events is: weak actin binding occurs first, then the actin activated initiation of the power-stroke, and finally the product release steps. However, in contrast to previous studies (14;45-47) which suggested that the weak-tostrong transition of actin binding should precede the power-stroke, our results suggest that the weak-to-strong transition does not necessarily precede the lever-arm swing of the power-stroke and they might be concurrent processes.
This mechanism also answers another interesting question: if the recovery-step that occurs in the M.ATP form is a simple reversal of the power-stroke that occurs in M.ADP.P i , and both nucleotide states have weak actin affinities, why does the first occur in actin detached form, while the latter reaction must happen predominantly in actin bound form (otherwise a futile cycle would occur)? The answer is that the recovery-step is rapid in the absence of actin and is not activated by actin (48) while power-stroke step (and not phosphate release) is accelerated by actin, which pulls the reaction flux towards the actin bound reaction pathway (Scheme 4). In other words actin activation diverts the reaction flow to the actin-bound pathway inducing the actin-bound power-stroke (Fig.  8) . Consequently, there is a kinetic reason why the reaction path is diverted to the actin detached states during the recovery-step, while the main flux flows through the actin bound states in the case of the power-stroke. Moreover, the weakly actin bound A.M * .ADP.P i and A.M † .ADP.P i states represent higher free energy states compared to those in the detached states (M * .ADP.P i and M † .ADP.P i , respectively), whose energy can also be utilized upon the power-stroke of myosin.
Structural aspects and questions
Several questions arise from the present findings. First, is the myosin structure in the M * .ADP.P i state the same as in the M * .ATP state? Some structural change must account for the fact that the up-down motion of the leverarm is four orders of magnitude slower for M * .ADP.P i (0.05 s -1 ) than for M * .ATP (~1000 s -1 ) (Table III) . By in silico experiments the initial events of that structural change have been described recently. Combined quantum/classical molecular mechanics (QM/MM) calculations of the ATP hydrolysis reaction path in myosin have shown that the nucleotide reorganizes first, in particular via a motion of the magnesium, which moves between the β and γ phosphate groups, thereby breaking its interaction with the switch 1 loop. This destabilizes the closed switch 1 conformation and prepares for its subsequent opening upon actin-binding (49). Molecular dynamics simulations have shown that this is then followed by changes in the hydrogen bond network between the switch 2 loop, the relay helix and the wedge-loop (His572-Ala574), leading to a locking of the wedge-loop in the pre-power-stroke configuration (50) . Since the wedge-loop motion is coupled to the lever-arm swing (24) , this locking can contribute to the much reduced rate of the reverse recovery-step from the M * .ADP.P i state. Scheme 2 of the basal ATPase raises an intriguing question: Why is the reverse recoverystep (k 4 , which is the rate limiting step of the basal ATPase) needed before the products can be released (K 5 , K 6 K 7 )? In other words, since switch 1 opening is likely to be needed to allow product release, why can switch 1 not open in the M * .ADP.P i state of myosin? The reason is that when switch 1 opens, this is coupled to the closing of the actin-binding cleft between the upper and lower 50 kDa domains (51) . While cleft closing can occur freely when the lever-arm is "down" (i.e., in the pre-recovery-step orientation, M † ), the same closing is not allowed when the lever-arm is "up" in M * . In other words, the actin-binding cleft and the lever-arm are coupled (note that it is precisely this coupling that drives the power-stroke when the cleft-closing is induced by actin-binding). In the absence of actin, this coupling prevents the closure of the actin-binding cleft, thus preventing the coupled opening of switch 1. Therefore, the pathway of basal ATPase involves first reversal of the recovery-step (M * .ADP.P i →M † .ADP.P i ) in order to allow the combined switch 1-opening/cleft-closing, which in turn allows the subsequent release of the products. In addition to switch 1 opening, the release of the γ-phosphate is likely to require also the opening of the switch 2 loop. Since that loop is strongly correlated to the lever-arm orientation, another reason for the need of the reverse recovery-step is to open switch 2 and allow γ-phosphate release. When actin binds to M * .ADP.P i , actin induces closure of the actin-binding cleft and opening of the switch 1 loop (23;52-56). Takagi et al (14) , suggested that the actin-induced opening of switch 1 weakens the interaction between switch 1 and 2, thus letting switch 2 open. This in turn would weaken the binding of the γ-phosphate and allow its release, leading to the increased ATPase turn-over rate. But this explanation assumes that switch 2 can open independently from the motion of the lever-arm. This is not likely, because as long as the lever-arm is in the pre-power-stroke orientation, the wedge-loop blocks the opening of switch 2, and the wedgeloop is coupled to the lever-arm orientation. Therefore, a more complete explanation for the actin-induced acceleration of the ATPase cycle is that actin-binding also accelerates the leverarm reorientation (i.e., the power-stroke), which in turn is coupled to switch 2 opening, thus facilitating the subsequent release of the products.
29. Manstein, D. J., Schuster, H. P., Morandini, P., and Hunt, D. M. Table II) . . Please note that the data used here are from Figure 3 and Figure 4 . They are normalized to a starting fluorescence of 1 in order to make the amplitudes comparable. Trp129 responds to ADP binding to W129+.P i with a fast fluorescence quench (~150 s -1 at 100 µM ADP) while the same reaction produces a small fast quench followed by a dominant slow (~0.15 s -1 at 350 µM ADP) fluorescence enhancement of Trp501. This implicates that W129+ is sensitive for the nucleotide binding itself while W501+ senses the large isomerization step coupled with the powerstroke of myosin. Using these two mutants allowed us to study the properties of the nucleotide binding pocket separately from the isomerization step. Table I . Nomenclature of the enzymatic steps used in this paper. a : We recommend to use the nomenclature: recovery/reverse recovery step instead of recovery/reverse recovery-stroke, because a stroke cannot be explained by an equilibrium step. b : reverse recovery step is also called power-stroke, even in the absence of actin. We suggest the distinction between the actin induced power-stroke from the reverse recovery step which occurs in the absence of actin or in the actin-detached form of myosin. c : the down lever arm state is also called post-rigor and post-power stroke states, although it also exists in actin-detached state. d : the up lever-arm state is generally called pre-power-stroke state, although it also exists in actindetached state. e : since the substeps of the power-stroke have not been resolved in detail, the final state is undefined, yet. Also, it is essential to distinguish the post-recovery-step conformational state (M * .ATP and M * .ADP.P i states) from the pre-power-stroke state (A.M * .ADP.P i ). The latter is in the actin bound conformational state which is different from the post-recovery-step state from both energetic and structural aspects. 
SUPPLEMENTARY RESULTS
Investigation of the contaminating compound in phosphate buffer
To test whether the high fluorescent M * .ADP.P i state develops on addition of phosphate to the M † .ADP complex or ADP to M.P i complex measurements were carried out in a standard spectrofluorimeter. First W501+ was preincubated with ADP then phosphate was added to the complex. A relatively slow (~0.3 s -1 ) increasing phase was followed by a slower (0.025 s -1 ) quenching phase. However, when the opposite order of addition used i.e. ADP was added to the W501+.P i complex, no fluorescence signal change could be detected. We suspected a contaminating agent in the phosphate buffer that could bind slowly to the myosin active site with higher affinity to myosin than either ADP (K D ~ 1 µM) or P i (K D ~ 10 mM), so affecting ADP binding to M.P i complex and causing the dissociation of both ADP and phosphate from the transiently-formed M.ADP.P i complex. As inorganic ions, such as vanadate or sulphate are known to exist in equilibrium with their polymer forms in solution, pyrophosphate was thought to be the contaminating compound, since its K d is 200 nM and it binds to myosin with the rate observed in earlier study (Kovacs, 2002 JBC) . This assumption was tested by NMR spectroscopy. On the NMR spectrum next to the peak of phosphate at 3.47 ppm another peak appeared at -5.67 ppm which had 4 orders of magnitude lower intensity ( Supplementary Fig. 1a ).The identity of this peak was proved by the addition of pyrophosphate to the solution, which significantly raised the signal at -5.67 ppm (Supplementary Fig.  1b) . Since boiling at alkaline pH is well known to reduce polyvanadate from vanadate solutions, the phosphate solution was boiled at pH 10 for 30 minutes. NMR spectroscopy demonstrated that heat treatment reduced the pyrophosphate level by 5-10-fold ( Supplementary Fig. 1a ). Using boiled phosphate samples reduced the effect of presumed pyrophosphate competition in the fluorescence experiments described above (see main text for examples).
SUPPLEMENTARY FIGURE LEGENDS
Supplementary Fig. 1 . Time courses of the phosphate binding to W501+.ADP (a) complex or ADP binding to the W501+.P i complex (b) in spectrofluorimeter using untreated phosphate buffer. a: When ADP was complexed with W501+ and phosphate was added later, a slow (0.3 s -1 ) fluorescent enhancement was detected upon addition of phosphate. This enhancement indicates the development of the high fluorescent M * .ADP.P i state. However, this process was followed by a slower (0.025 s -1 ) quenching phase caused by a contaminating compound in the phosphate buffer. b: When W501+ was preincubated with phosphate the contaminating agent blocked the binding of ADP, because no fluorescence change could be observed. c: Stopped-flow records of 3 µM W501+ complexed with 25 mM phosphate and mixed with ADP. When phosphate buffer was boiled (see Experimental procedures) before the experiment the fluorescence intensity was enhanced as the M * .ADP.P i state developed. However, without heat treatment of the phosphate buffer before the measurement the contaminating pyrophosphate bound to the active site of W501+ with high affinity thus prohibiting ADP from binding. Pi,off,app = 35.0 s -1 , which determined the dissociation constant of phosphate for W129+: K d,W129+,Pi = 696 µM. c: The plot of the observed rate constants of the slow phase showed that the k obs,slow~ 5 s -1 phase was independent on phosphate concentration. Supplementary Fig. 4 . Stopped-flow records of 4 µM W129+ and 1 mM ATP in the absence (lower trace) or in the presence (upper trace) of 20 mM phosphate. In the absence of phosphate, the reaction follows a double exponential decay as described previously (Kovacs et.al Supplementary Fig. 5 . 109 µM W501+ was incubated with 1 mM ADP, 1 mM AlCl 3 and 5 mM NaF on ice for 3 hours. After complex formation, the solution was mixed with 1 µM F-actin in a stoppedflow apparatus and the concentration of W501+ was varied between 0-92 µM. The light scattering signal was followed and very fast (1000 s -1 <) reactions were detected. The end points of the reactions were determined which represented the amplitude (A) of the reaction when correlated to the end point of the reaction in the absence of W501+ (A 0 ). The A/A 0 values were plotted against W501+ concentration and a hyperbola was fitted to the plot, which resulted in the dissociation constant of W501+.ADP.AlF 4 for actin: K d.AlF4.actin = 57 µM.
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